INTRODUCTION {#S1}
============

Dopaminergic neurons are involved in associative learning across taxa ([@R33]; [@R34]; [@R27]; [@R23]). In *Drosophila*, activation of certain dopaminergic neurons during associative learning tasks drives conditioned approach or avoidance, suggesting that they function as part of the reinforcement pathway and may encode stimulus valence (positive or negative) ([@R32]; [@R12]; [@R2], [@R3]; [@R23]; [@R43]). There are eight clusters of dopaminergic neurons in the fly brain ([@R38]; [@R26]). Neurons in three clusters project to the mushroom body (MB), a region that receives olfactory information and is required for olfactory learning. PAM dopaminergic neurons project to the horizontal lobes (β, β′, and γ); PPL1 neurons project to the vertical lobes (α and α′), heel, and peduncle; and PPL2ab neurons project to the calyx ([Figure 1A](#F1){ref-type="fig"}). Different subsets of PPL1 and PAM neurons modulate reinforcement during learning ([@R32]; [@R12]; [@R2]; [@R6]).

Different sets of dopaminergic neurons play discrete roles in reinforcement during learning. Activating PPL1 dopaminergic neurons in lieu of reinforcement induces behavioral aversion to a paired odor ([@R32]; [@R12]; [@R2], [@R3]). Conversely, activation of PAM neurons is sufficient to generate appetitive memories ([@R23]; [@R43]). These dopaminergic neurons respond strongly to the unconditioned stimulus during conditioning, releasing dopamine into the MB that integrates with odorevoked spiking activity to drive learning-induced, cyclic AMP (cAMP)-dependent plasticity in the MB ([@R31]; [@R26]; [@R39]; [@R16]; [@R9]; [@R25]). Little is known about the third MB-innervating cluster, PPL2ab. These neurons innervate the ipsilateral MB calyx, as well as the lateral horn, lobula, optical track and esophagus, and medial and posterior protocerebrum ([@R38]; [@R26]). They have been implicated in the regulation of courtship behaviors ([@R21]; [@R11]) but have no known role in learning and memory. How the multiple dopaminergic circuits that converge on the MB regulate learning is a major question.

We have investigated the distinct roles of MB-innervating dopa minergic circuits in neuronal plasticity and behavioral memory. We found that PPL2 neurons play a role in learning, modulating neuronal gain and memory strength without imparting a strong valence. Thus, different subsets of dopaminergic neurons converging on memory-encoding neurons (the MB neurons) play roles in modulation of memory strength and valence.

RESULTS {#S2}
=======

Stimulation of Dopaminergic Neurons Increases MB Calcium Responses to Odors in an Associative Manner {#S3}
----------------------------------------------------------------------------------------------------

Dopaminergic neurons labeled by the tyrosine hydroxylase Gal4 (TH-Gal4) driver are sufficient to drive aversive reinforcement in classical conditioning ([@R32]; [@R12]; [@R2], [@R3]) and produce calcium response plasticity in the MB g lobe when stimulated with odor presentation ([@R9]). This driver includes three sets of MB-innervating neurons: PPL1, PPL2ab, and PAM (M3) neurons ([Figure 1A](#F1){ref-type="fig"}; [@R38]; [@R26]; [@R4]). The time course and subsets of dopaminergic neurons underlying the effect on MB plasticity are unknown. To examine this, we imaged odor-evoked Ca^2+^ responses in the MB γ lobe with GCaMP ([Figures 1A](#F1){ref-type="fig"} and [1B](#F1){ref-type="fig"}), and stimulated TH-Gal4+ neurons with UAS-TrpA1. Odor was paired with stimulation of TH-Gal4+ dopaminergic neurons, ramping the temperature to activate TrpA1 in a conditioning paradigm ([Figures 1C](#F1){ref-type="fig"} and [1D](#F1){ref-type="fig"}).

Pairing odor with stimulation of TH-Gal4+ neurons generated an increase in MB γ lobe Ca^2+^ responses to the odor with forward relative to backward conditioning ([Figures 1E](#F1){ref-type="fig"} and [1G](#F1){ref-type="fig"}), in agreement with our previous data ([@R9]). This plasticity was present at 5 min following conditioning and gone by 60 min ([Figure 1H](#F1){ref-type="fig"}), suggesting that it is associated with short-term memory. When two odors were presented in a differential conditioning paradigm, Ca^2+^ responses to the trained odor (conditioned stimulus \[CS\]+) were enhanced relative to those to the untrained odor (CS−) ([Figures 1E](#F1){ref-type="fig"}--[1G](#F1){ref-type="fig"}). The plasticity was consistent across two trained odors, ethyl butyrate (EB) and isoamyl acetate (IA) ([Figure 1G](#F1){ref-type="fig"}). We observed increases in the trained odor (forward, CS+) and decreases in the untrained odor (backward, CS−) responses. However, in a previous study, we found that presentation of odor for 30 s during training produces sensory adaptation that presumably underlies the apparent CS− effect ([@R25]). This suggested that the reduction in backward and CS− groups observed here was likely due to nonassociative adaptation and that training increased the forward or CS+ odor responses on top of this baseline. To test this, we imaged animals in which an odor was presented for 30 s with no reinforcement (adaptation, [Figures 1I](#F1){ref-type="fig"}--[1K](#F1){ref-type="fig"}; odor only, [Figure 2I](#F2){ref-type="fig"}) and found an equivalent drop in responses to CS− (responses to a third odor were unaffected by conditioning) ([Figures 1I](#F1){ref-type="fig"}--[1K](#F1){ref-type="fig"}).

Dopaminergic Plasticity at the Cellular Level Maps to PPL2, Not PPL1, Neurons {#S4}
-----------------------------------------------------------------------------

Although PPL1 neurons innervate mainly the vertical lobes, PPL2ab neurons innervate the MB dendrites in the calyces ([@R26]; [Figures 1A](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}--[2E](#F2){ref-type="fig"}). To parse the effects of these subdivisions on MB plasticity, we separated the PPL1 and PPL2ab neurons with more restricted Gal4 drivers: ΔTH-D′-Gal4 for PPL1 neurons ([Figures 2A](#F2){ref-type="fig"} and [2B](#F2){ref-type="fig"}; [@R24]) and ΔTH-C′-Gal4 combined with the F-Gal80 repressor for PPL2 ([Figures 2C](#F2){ref-type="fig"}--[2E](#F2){ref-type="fig"}). We henceforth refer to these drivers as PPL1-Gal4 and PPL2-Gal4, respectively.

PPL1 neurons are necessary for aversive reinforcement processing in the MB ([@R34]; [@R6]). Therefore, if the increase in odor-evoked Ca^2+^ responses represents the effect of acquired aversive valence, the plasticity would map to PPL1 neurons. To test this, we examined changes in odor representation when odor was paired with PPL1 or PPL2 stimulation in a differential conditioning paradigm. Pairing odor with PPL1 stimulation produced no significant cellular Ca^2+^ plasticity in the MB g lobe, using either forward versus backward or differential conditioning ([Figures 2F](#F2){ref-type="fig"} and [2G](#F2){ref-type="fig"}). In contrast, pairing PPL2 activation with olfactory stimulation induced facilitation of odorevoked responses in the g lobe ([Figures 2H](#F2){ref-type="fig"} and [2I](#F2){ref-type="fig"}). We also tested additional drivers that label varying numbers of PPL2 neurons ([Figures 2J](#F2){ref-type="fig"}--[2N](#F2){ref-type="fig"} and [S4J](#SD1){ref-type="supplementary-material"}; [@R7]; [@R21]). Stimulating PPL2 neurons with all tested drivers produced detectable plasticity in the MB g lobe ([Figures 2J](#F2){ref-type="fig"}--[2N](#F2){ref-type="fig"}). However, the PPL2-Gal4 driver, which labels the largest number of PPL2 neurons, drove the strongest plasticity ([Figures 2I](#F2){ref-type="fig"}--[2N](#F2){ref-type="fig"}). Overall, these data demonstrate that the PPL2 subset of TH+ dopaminergic neurons is responsible for the cellular-level Ca^2+^ response plasticity observed in the MB γ lobes.

Odor-evoked responses imaged in the MB lobes represent the summed activity of hundreds of neurons. To determine how PPL2 stimulation affects individual neurons, we imaged individual somata in the MB ([Figures S1A](#SD1){ref-type="supplementary-material"}--[S1E](#SD1){ref-type="supplementary-material"}). Because MB neurons respond sparsely to any odorant ([Figure S1B](#SD1){ref-type="supplementary-material"}; [@R41]), only odor-responsive neurons were included in the analyses. Odor-evoked responses were compared before and after pairing an odor with PPL2 stimulation in a differential conditioning paradigm ([Figure S1C](#SD1){ref-type="supplementary-material"}). Individual MB neurons exhibited increased CS+ responses relative to CS--- responses ([Figures S1D](#SD1){ref-type="supplementary-material"} and [S1E](#SD1){ref-type="supplementary-material"}).

PPL2 neurons innervate the dendrites of the MB neurons in the calyx region. To test whether the plasticity was present in the dendrites, we carried out differential conditioning experiments while imaging the calyx ([Figures S1F](#SD1){ref-type="supplementary-material"} and [S1G](#SD1){ref-type="supplementary-material"}). Pairing odor with activation of either TH-Gal4+ or the PPL2 subset alone produced plasticity in the MB calyx ([Figure S1G](#SD1){ref-type="supplementary-material"}). In contrast, stimulation of PPL1 neurons produced no significant changes. A previous study failed to detect dopamine-dependent plasticity in the α lobe with TH-Gal4+ neuron stimulation ([@R9]). Here we tested whether PPL2 activation produced plasticity in the MB α lobe and similarly found no significant change ([Figures S1H](#SD1){ref-type="supplementary-material"}--[S1J](#SD1){ref-type="supplementary-material"}). Altogether, these data suggest that dopamine-dependent plasticity at the dendritic inputs produces associative plasticity in Ca^2+^ responses in MB γ neurons. This may represent a more modulatory contribution to memory than the heterosy-naptic plasticity driven in the MB lobes by PPL1 neurons, a hypothesis we consider further later.

PPL2 Neurons Respond to Odor and Shock but Do Not Encode Strong Valence {#S5}
-----------------------------------------------------------------------

The observation of PPL2-driven plasticity suggested that these neurons may be activated during learning. To test this, we imaged PPL2 responses to electric shock and odors in the calyx and/or somata regions ([Figure 3A](#F3){ref-type="fig"}). PPL2 somata showed increases in Ca^2+^ when the flies were stimulated with 60-V electric shocks under the microscope ([Figure 3B](#F3){ref-type="fig"}). In addition, they responded to EB and IA ([Figure 3C](#F3){ref-type="fig"}). These odor responses were observed both in PPL2 somata and in PPL2 projections in the MB calyx ([Figures S2A](#SD1){ref-type="supplementary-material"} and [S2B](#SD1){ref-type="supplementary-material"}). Among PPL2 somata, some individual neurons responded to odors, while others did not ([Figure S2B](#SD1){ref-type="supplementary-material"}).

The preceding data suggest that PPL2 neurons exert strong effects on MB physiology, potentially increasing the gain of the MB responses to a paired odor. This raises the question of what behavioral role PPL2 neurons play. We first tested whether stimulating PPL½ neurons imparts valence on a paired odor using a reinforcement substitution paradigm ([Figure 3D](#F3){ref-type="fig"}). Pairing odor with stimulation of PPL1 neurons produced aversive memory, in agreement with previous studies ([@R31]; [@R32]; [@R12]; [@R3]). In contrast, pairing odor with PPL2 stimulation produced no significant memory ([Figure 3E](#F3){ref-type="fig"}). This suggests that PPL2 neurons do not convey a major reinforcement signal to the MB and thus have a distinct behavioral function from PPL1 (and PAM) neurons.

PPL2 Neurons Modulate Memory Strength {#S6}
-------------------------------------

Because PPL2 neurons exerted strong effects on odor-evoked responses in the MB but did not drive valence, we questioned whether they modulate memory strength. To test this, we examined behavioral memory using a weak aversive training paradigm. Odor was paired with 3× 60-V shocks over 1 min, in place of the typical 12× 90-V protocol that produces ceiling-level performance. This was paired with activation of PPL2 neurons at various times during the protocol ([Figure 4A](#F4){ref-type="fig"}). Flies expressing TrpA1 in PPL2 neurons were compared to genetic controls. When the PPL2 neurons were stimulated during odor-shock pairing (during CS+ presentation), performance was significantly elevated, representing an increase in memory strength. The effect was observed with two odor pairs: EB versus IA ([Figure 4B](#F4){ref-type="fig"}) and 3-octanol (Oct) versus methylcyclohexanol (Mch) ([Figure 4C](#F4){ref-type="fig"}). These effects could not be explained by changes in odor or shock sensitivity ([Table S1](#SD1){ref-type="supplementary-material"}).

To delineate the temporal requirements for PPL2-induced memory enhancement, we ran additional conditioning experiments using the IA-EB odor pair. No enhancement of memory was observed when stimulating PPL2 neurons at times outside the presentation of CS+ exclusively ([Figures 4D](#F4){ref-type="fig"}--[4H](#F4){ref-type="fig"}). Performance was lower in all genotypes when pairing heat with CS--- ([Figure 4D](#F4){ref-type="fig"}), likely due to reinforcement from the heat ([@R15]). No effect was observed when heat was omitted ([Figure 4I](#F4){ref-type="fig"}). Finally, to address the specificity of dopaminergic circuitry within the PPL2-Gal4 driver, we introduced a TH-Gal80 repressor to subtract dopaminergic neurons from the expression pattern ([@R36]). When the expression of TrpA1 in dopaminergic neurons was suppressed, the enhancement of aversive memory performance disappeared ([Figure 4J](#F4){ref-type="fig"}). These data suggest that PPL2 neurons modulate relative memory strength when active during learning.

We next tested whether stimulation of PPL2 neurons during classical conditioning produced different physiological effects from pairing PPL2 stimulation with odor alone ([Figures S2C](#SD1){ref-type="supplementary-material"}-- [S2E](#SD1){ref-type="supplementary-material"}). Odor responses were imaged before and after pairing CS+ with TrpA1 activation, and electric shock was delivered to the legs and/or abdomen ([@R25]). Responses were recorded in the γ lobe, and the results were compared across four protocols ([Figure S2C](#SD1){ref-type="supplementary-material"}). Pairing PPL2 stimulation with an odor increased the relative responses to the paired odor, regardless of whether shocks were also paired ([Figures S2D](#SD1){ref-type="supplementary-material"} and [S2E](#SD1){ref-type="supplementary-material"}). Pairing odor with electric shock alone produced no change in MB γ lobe responses ([Figure S2E](#SD1){ref-type="supplementary-material"}), consistent with our previous data ([@R25]). Thus, PPL2 stimulation enhances MB responses to a paired odor, and there was no detectable interaction with electric shock.

To test for loss of function phenotypes, we blocked synaptic output of PPL2 neurons using shibire^*ts*^. This produced no significant change in performance ([Figure S3A](#SD1){ref-type="supplementary-material"}), suggesting that these neurons may function in parallel with other circuits to modulate memory. This is consistent with other behavioral effects of PPL2 neurons, which have typically been revealed by gain-of-function experiments ([@R21]; [@R11]; [@R22]; [@R37]). To determine whether PPL2 neurons affected reward learning, we carried out appetitive conditioning experiments and either blocked or stimulated PPL2 neurons during CS+ presentation ([Figures S3B](#SD1){ref-type="supplementary-material"}--[S3E](#SD1){ref-type="supplementary-material"}). Blocking PPL2 neurons during CS+ presentation had no effect on memory performance ([Figures S3B](#SD1){ref-type="supplementary-material"} and [S3C](#SD1){ref-type="supplementary-material"}). With transient activation of PPL2 neurons during CS+ presentation, there was a difference in performance between the experimental group and one of the controls but not the other ([Figure S3E](#SD1){ref-type="supplementary-material"}). However, a similar effect was observed when PPL2 neurons were unstimulated ([Figure S3D](#SD1){ref-type="supplementary-material"}). Thus, no effect could be attributed to manipulating PPL2 neurons in reward learning, suggesting that their role is either confined to aversive learning or masked by other factors, such as the starvation necessary to test reward learning.

We tested additional PPL2-innervating Gal4 drivers for memory enhancement ([Figures S3F](#SD1){ref-type="supplementary-material"}--[S3J](#SD1){ref-type="supplementary-material"}). Stimulation of PPL2 neurons with drivers that label smaller subsets of the cluster did not induce memory enhancement. Only the PPL2-Gal4 driver, which generates the strongest plasticity in the MB and labels the largest numbers of neurons ([Figure S3J](#SD1){ref-type="supplementary-material"}), enhanced behavioral memory. This suggests that memory enhancement requires strong activation of PPL2 neurons. Our data suggest that PPL2 neurons exert modulatory control over the MB, enhance the odor-evoked responses of MB neurons in an associative manner, and modulate aversive memory strength without innately encoding strong valence.

DISCUSSION {#S7}
==========

This study provides insight into how PPL2 dopaminergic neurons regulate neuronal plasticity in the MB and behavioral learning. PPL2 neurons project to the MB calyx, where intrinsic MB neurons receive input from olfactory projection neurons. This places them in a position to exert strong influence over MB olfactory responses. The present data suggest that they both act as a gain control that modulates the MB olfactory responses and increase the strength of aversive short-term memory. Activation of PPL2 neurons in a differential conditioning protocol increased the relative responsivity to the paired odor in γ neurons. Behaviorally, this did not drive memory on its own but increased the strength of memory if paired with odor-shock conditioning. Therefore, PPL2 neurons appear to modulate the strength of aversive memory, rather than dictating its content. One mechanism underlying this effect could be that PPL2 neurons enhance MB responses to the odor during training, facilitating the generation of synaptic plasticity that has been observed at the MB output synapses ([@R18]). The memory enhancement effect that we observed in flies may reflect a more general role that dopaminergic circuits play in other species. For instance, in mice, dopaminergic projections to the medial prefrontal cortex are not sufficient to induce memory, but they improve learning via effects on stimulus discrimination ([@R29]).

Previous studies have suggested that PPL2 neurons could regulate motivation and arousal ([@R1]; [@R21]; [@R11]). Increased responses in the MB do not likely represent the valence of a memory directly, but they may reflect a salience or motivational component of memory. This is supported by PPL1 stimulation failing to induce changes in the odor representation in the MB but inducing conditioned aversion that drives heterosynaptic depression at certain MB-mushroom body output neuron (MBON) synapses ([@R18]). In contrast, PPL2 neurons drive strong Ca^2+^ response plasticity in the MB but do not encode strong valence on their own. The effect was limited to aversive memory, possibly because the starvation necessary for appetitive protocols had already maximized the animals' arousal state and/or salience of the sensory cues (though other possibilities are discussed later).

One function of PPL2 dopaminergic neurons may be to regulate the net responsivity of MB γ neurons to odorants and thereby alter the potential for stimuli to drive memory strength. Alternatively, the plasticity could regulate the balance of excitation across downstream MBONs that innervate spatially discrete zones of the MB and drive approach or avoidance behavior ([@R38]; [@R4], [@R5]). For instance, increasing responses of MB γ neurons alone could increase the net excitatory drive to aversive MBONs relative to appetitive MBONs. In a previous study, we found that appetitive conditioning robustly increased Ca^2+^ responses to CS+ across the MB lobes (including both γ and α/β) ([@R25]). This could be interpreted to indicate either that the motivational component of appetitive conditioning differentially engages MB circuitry relative to aversive conditioning or that the appetitive valence is encoded as a bona fide cellular-level memory trace, comprising an increase in Ca^2+^ responses across all MB lobes. If the latter is true, perhaps a selective increase in Ca^2+^ responses in γ reflects a more aversive signature. Previous studies have demonstrated a critical role of γ neurons in short-term memory. Rescue of Rutabaga in the γ lobe of *rut* mutants is sufficient to restore performance in short-term memory ([@R44]; [@R8]; [@R40]), and rescue of the D1-like DopR receptor in the g lobe is sufficient to rescue both short- and long-term memory ([@R30]). In addition, aversive learning induces plasticity in synaptic vesicle release from the MB γ lobes ([@R45]).

Several caveats in experimental interpretations should be noted. First, we do not know whether the MB plasticity forms in parallel to memory enhancement or directly drives it. Contributions of polysynaptic circuit elements to the physiological effects (MB plasticity) and/or behavioral effects (enhanced memory) are possible. Future mapping studies may identify additional circuit elements contributing to the memory networks underlying these phenomena. Nonetheless, anatomical innervation of the MB calyx by PPL2 neurons positions them to provide strong modulatory input to the MB dendrites and associated neuronal circuitry. Thus, while valence is layered at the MB output synapses ([@R35]; [@R28]; [@R5]; [@R10]; [@R18]), our data suggest that PPL2 neurons may be a control mechanism that influences how responsive the MB is to odors, potentially altering the propensity for synaptic plasticity downstream.

STAR⋆METHODS {#S8}
============

CONTACT FOR REAGENT AND RESOURCE SHARING {#S9}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Seth M. Tomchik (<stomchik@scripps.edu>).

EXPERIMENTAL MODEL AND SUBJECT DETAILS {#S10}
--------------------------------------

Flies were cultured according to standard methods and maintained on a 12:12 hr light:dark cycle. The fly stocks used in this work were ΔTH-C'-Gal4,F-Gal80, ΔTH-D'-Gal4 ([@R24]), TH-Gal4 ([@R14]), Oc2-Gal4 ([@R7]), NP3024-Gal4 ([@R21]), NP5945-Gal4 ([@R21]), murashka-1-Gal4 ([@R13]), UAS-TrpA1 ([@R17]), and MB-GCaMP3 ([@R9]). TrpA1 crosses were kept at 23^○^C to avoid neuron activation during development. All fly lines were backcrossed R 6 generations into the Cantonized *w*^1118^ reference strain *w*^*CS10*^.

METHOD DETAILS {#S11}
--------------

### Immunohistochemistry {#S12}

Five to seven day old fly brains were dissected in 1% paraformaldehyde in S2 medium, and processed according to a published protocol ([@R19]). Briefly, brains were incubated with the primary antibodies for 3 hours at room temperature and at 4^○^C overnight, and with the secondary antibodies for 3 hours at room temperature and 4 days at 4^○^C. Incubations were performed in blocking serum (3% normal goat serum). After the final incubation and washes, brains were mounted in vectashield media for imaging. Immunostaining experiments were carried out with a UAS-GFP.nls (Bloomington \#4776), which contains a nuclear localization signal but in neurons provides strong labeling of nuclei, somata, and neuronal processes. Antibodies used were rabbit anti- GFP (1:1000, Invitrogen), mouse anti-nc82 (1:50, DSHB), mouse anti-TH (1:200, Chemicon), goat anti-rabbit IgG and goat anti-mouse IgG (1:800, Alexa 488 or Alexa 633 respectively, Invitrogen). Images were obtained using Leica TCS SP8 confocal microscope.

### Functional imaging {#S13}

*In vivo* functional imaging was performed as described previously ([@R9]; [@R25]). Briefly, flies were immobilized in a custom-machined polycarbonate recording chamber that allows saline to flow across the dorsal head and thorax while keeping the rest of the fly dry. A small window was opened in the cuticle with a syringe needle to allow optical access to the brain, and saline was perfused at 2 ml/min. The odorants ethyl butyrate, isoamyl acetate, 3-octanol, or 4-methylcyclohexanol (Sigma-Aldrich) were delivered through a stainless steel pipette mounted 1 cm anterior to the fly's head, and presented for either 3 s (imaging) or 30 s (training). Air flow was 40--60 ml/min. The odorant was presented by switching the odor stream between scintillation vials containing either 1 μL of odorant on filter paper or filter paper alone using solenoid valves (The Lee Co) controlled by a programmable logic controller (Omron). The odor/air streams were directed through PTFE (Teflon) tubing.

Baseline temperature in the recording chamber was held at 22^○^C. Temperature was controlled with an inline Peltier element (Warner Instruments) and monitored with a thermistor placed in the recording chamber adjacent to the fly's head. In differential conditioning experiments, where TrpA1 stimulation was paired with odor delivery, we ramped the temperature up from 22^○^C. When the bath temperature reached 24^○^C, the solenoid controlling CS+ odor delivery was activated to begin odor delivery immediately prior to reaching the TrpA1 activation threshold (27^○^C) ([@R42]). After 30 s, the temperature was ramped back down to 22^○^C. After a 30 s delay, the CS- was delivered for another 30 s. The total time between stimuli, including ramp time, was 1.5 min. During aversive conditioning protocols, the CS+ was presented for 30 s and paired with 3 electric shocks (60 V) of 1.25 s length with 8.75 s interval. The first shock was administered 8.75 s after the onset of odor stimulation. After a 2-minute rest interval, CS- was presented for 30 s.

Optical reporters were imaged with confocal microscopy on Leica TCS SP8 confocal microscopes at 256 3 256 resolution. 488 nm excitation was paired with 500--600 nm bandpass emission filtration, acquired at 10 Hz.

### Behavioral Analysis {#S14}

Behavior was performed as previously described ([@R39]). Briefly, 2--5 day old flies were trained under dim red light at 22^○^C and \~75% relative humidity. Groups of \~60 flies were exposed for 1 min to an odor (CS+) paired with 6 shocks of 1.25 s each at 60V, followed by 30 s of air and 1 min of another odor (CS-). Depending on the protocol, flies were transferred to another chamber at 32^○^C for PPL2ab neuron stimulation at different time points during the behavior assay. The odor pairs were either ethyl butyrate and isoamyl acetate or 3-octanol and 4-methylcyclohexanol, with dilutions were adjusted so that naive flies equally avoided the two odors (0.05 -- 0.1%). Memory was tested by inserting the trained flies in a T-maze in which they chose between an arm presenting the CS+ odor and an arm presenting the CS- odor across a 2 min choice period. The PI was measured immediately after training (\~3 min). For odor and shock avoidance experiments, flies were allowed to choose between arms in a T-maze containing odor versus mineral oil (for odor avoidance) or an arm with a grid shocking the flies every 5 s at 60V versus an arm containing a non-electrified shock grid (shock avoidance). Appetitive conditioning experiments were performed in animals starved 16--20 h. Animals were exposed for 2 min to an odor (CS+) at 32^○^C for TrpA1 stimulation (or 22^○^C in control experiments), paired with a 2M sucrose solution dried on filter paper, followed by 30 s of air and 2 min of another odor (CS-) ([@R20]). Memory was tested as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS {#S15}
---------------------------------------

### Functional imaging {#S16}

Responses were plotted as the baseline-normalized change in GCaMP fluorescence (ΔF/F), averaged across a circumscribed region of interest. Statistical analysis was performed in MATLAB and Prism (Graphpad). Statistical significance (omnibus/post hoc) was determined using Mann-Whitney U tests (two groups, nonparametric) or Kruskal-Wallis/Dunn (one-way, nonparametric comparisons). For two-way comparisons, ANOVA/Sidak was used. Comparisons between pre and post-conditioning responses were made with the Wilcoxon rank sum test. We used the family-wise error rate α~*FW*~ = 0.05.

Statistical details can be found in the figure legends and results section, where the n represents the number of flies used in the study (one data point per fly, except in [Figures S1C](#SD1){ref-type="supplementary-material"}--[S1E](#SD1){ref-type="supplementary-material"}, where the n represents the total number of cells pooled from four animals per condition). Boxplots graph the median as the central line, the box extending from the 25^th^ to the 75^th^ percentile, and the whiskers extending to the 10^th^ and 90^th^ percentiles.

### Behavioral analysis {#S17}

Memory was quantified by calculating the Performance Index (PI) as (flies in the CS- arm)-(flies in the CS+ arm)/(total flies in both arms). Avoidance indices were calculated as: \[(flies in the non-electrified arm)-(flies in the electrified arm)/(total flies analyzed)\]. Statistical significance (omnibus/post hoc) was determined using ANOVA (one-way parametric). Multiple comparisons within genotypes were conducted with Sidak's post hoc tests, using the family-wise error rate a~*FW*~ = 0.05. P.I.s were compared to zero with a one-sample t test using Bonferroni correction for multiple comparisons.

DATA AND SOFTWARE AVAILABILITY {#S18}
------------------------------

Original data for this paper are deposited at <https://doi.org/10.17632/nssxb2fmmt.1>.
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![Stimulation of Dopaminergic Neurons Increases MB Responses to Trained Odors\
(A) MB-innervating dopaminergic clusters labeled by TH-Gal4.\
(B) GCaMP fluorescence in an MB-GCaMP3 fly. A region of interest was drawn around the MB g lobe. A, anterior; L, lateral.\
(C) General experimental protocol.\
(D) Variations on the experimental protocol. Forw, forward; Back, backward; Diff, differential.\
(E) GCaMP responses (mean ± SEM) to odors in TH \> TrpA1; MB-GCaMP3 flies. Odor responses before and after conditioning are marked pre (blue) and post (red). Traces correspond to protocols in (D). Ethyl butyrate (EB) was used for Forw, Back, and CS+. Isoamyl acetate (IA) was used as CS---. Shaded bars represent odor delivery duration.\
(F) Pre- and post-conditioning responses for each fly (\*\*p \< 0.01, \*\*\*p \< 0.001, Wilcoxon rank-sum test; n ≥ 19).\
(G) Post-/pre-conditioning response ratio in the γ lobe (n ≥ 13). The asterisk in the legend indicates the odor that was used as CS+ (EB\* and IA\*). There was a significant effect across groups (p \< 0.01, Kruskal-Wallis; \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, Dunn).\
(H) Time course of the effect comparing forward and backward protocols. There was significant interaction between protocols across time (\*p \< 0.05, two-way ANOVA; \*\*p \< 0.01, Sidak's multiple comparisons; n ≥ 11).\
(I) Protocols used to establish the baseline responses of nonreinforced odors.\
(J) GCaMP3 responses (mean ± SEM) in the g lobe to 3-octanol not included in the associative protocol (left) and 3-octanol before and after a 30 s exposure (right). Odor responses imaged before and after the adaptation protocol or third odor protocol are marked pre (blue) and post (red). Shaded bars indicate odor delivery duration.\
(K) Post-/pre-odor response ratio in the g lobe for the protocols in (I) (p = 0.016, Mann-Whitney; n = 12--13).](nihms-1529710-f0001){#F1}

![Dopaminergic Plasticity Maps to PPL2 Neurons, Rather Than PPL1\
(A) Maximum intensity projection of anti-GFP (green) and anti-nc82 (magenta) immunostaining of the brain of a PPL1-Gal4 \> UAS-GFP fly.\
(B) Inset showing lack of innervation of the calyx. Scale bar, 20 mm.\
(C) Maximum intensity projection of anti-GFP (green) and anti-nc82 (magenta) immunostaining of the posterior brain of a PPL2-Gal4 \> UAS-GFP fly.\
(D) Maximum intensity projection of anti-GFP (green) and anti-TH (magenta) immunostaining of a PPL2-Gal4 \> UAS-GFP fly, showing terminal projections of PPL2ab neurons in the MB calyx (outlined with a dotted white line). Scale bar, 20 μm.\
(E) PPL2-Gal4 driver labeling all TH-immunopositive neurons in the PPL2 cluster, as shown by complete overlap between GFP and TH staining in the PPL2 cell bodies (dotted outline in GFP image). Scale bar, 20 μm.\
(F) Odor responses (mean ± SEM) in PPL1-Gal4 \> UAS-TrpA1; MB-GCaMP3 flies. EB was presented as CS+. IA was presented as CS---. Shaded bars represent odor delivery duration.\
(G) Post-/pre-odor response ratio in the g lobe when activation of PPL1 neurons was paired with odor exposure (p \> 0.05, Dunn's post hoc comparisons; n = 12--18).\
(H) Odor responses (mean ± SEM) in PPL2-Gal4 \> UAS-TrpA1; MB-GCaMP3 flies. EB was presented as CS+. IA was presented as CS---. Shaded bars represent odor delivery duration.\
(I) Post-/pre-odor response ratio in the g lobe when activation of PPL2 neurons was paired with odor exposure (n ≥ 12). There was a significant effect across groups (p \< 0.01, Kruskal-Wallis). Post hoc comparisons were performed between forward and backward protocols and between CS+ and CS− responses for the labeled genotypes. The gray shading indicates the inter-quartile range of the odor-only controls (\*\*\*p \< 0.001, Dunn).\
(J) Maximum intensity projection of anti-GFP (green) and anti-TH (magenta) immunostaining of the PPL2 somata from a PPL2-Gal4 \> UAS-GFP fly. Arrowheads indicate cells positive for both TH and GFP. Scale bar, 10 μm.\
(K--N) Immunostaining of additional PPL2-Gal4 drivers (K: murashka1-Gal4; L: NP5945-Gal4; M: NP3024-Gal4; N: oc2-Gal4) (left), and effect of pairing stimulation of PPL2 neurons with odor exposure in a conditioning paradigm (right), as in (I). n ≥ 12 for each genotype and condition. Scale bars, 10 mm (\*p \< 0.05, \*\*p \< 0.01, Mann-Whitney).](nihms-1529710-f0002){#F2}

![PPL2 Neurons Respond to Odor and Shock but Do Not Encode Valence\
(A) Schematic of PPL2 projections to the MB. PPL2 neurons were imaged in focal planes through the calyx and cell body layers (outlined with dashed boxes).\
(B) Shock responses in PPL2 somata (mean ± SEM) to 6 pulses of 60 V (n = 4).\
(C) Odor responses of PPL2 neurons to EB and IA in the calyces (mean ± SEM; n \> 6). Shaded bars represent odor delivery duration.\
(D) Protocol for testing the valence effect of dopaminergic neurons. TrpA1 was expressed in either PPL1 or PPL2 neurons, and neural activation was paired with odor in the absence of a reinforcer.\
(E) Avoidance induced by transient activation of dopaminergic neurons, as in (D) (n = 6). There was a significant effect across groups (p \< 0.001, ANOVA; \*\*\*p \< 0.001, \*p \< 0.05, Sidak). Only the PPL1 \> TrpA1 group significantly differed from zero (p \< 0.01, one-sample t test).](nihms-1529710-f0003){#F3}

![PPL2 Neurons Modulate Memory Strength\
(A) Experimental protocols. Transient activation of TrpA1 was carried out by raising the temperature to 32°C at various time intervals.\
(B) 3-min memory performance, using EB and IA (n ≥ 14). There was a significant effect across groups (p \< 0.001, ANOVA; \*p \< 0.05, \*\*\*p \< 0.001, Sidak).\
(C) 3-min memory performance using 3-octanol (Oct) and 4-methylcyclohexanol (Mch) (n = 8). There was a significant effect across groups (p \< 0.001, ANOVA; \*\*p \< 0.01, \*\*\*p \< 0.001, Sidak). (D--H) Performance when PPL2 neurons were stimulated during: CS− (D), p = 0.76; ANOVA; n ≥ 7); before training (E), p = 0.94; n ≥ 9); memory retrieval (F), p = 0.93; n ≥ 5); the whole protocol (G), p = 0.39; n ≥ 7) and CS+ and CS− administration (H), p = 0.84; n ≥ 6).\
(I) Unstimulated (22^○^C) control (p = 0.13; n R 9).\
(J) 3-min memory performance in flies expressing the TH-Gal80 repressor. Experimental protocol as in (B) and (C) (p~ANOVA~ = 0.067; p~Gal4~ = 0.12; p~UAS~ = 0.93; n = 6). See also [Table S1](#SD1){ref-type="supplementary-material"}.](nihms-1529710-f0004){#F4}

###### 

KEY RESOURCES TABLE

  REAGENT or RESOURCE                      SOURCE                                IDENTIFIER
  ---------------------------------------- ------------------------------------- ---------------------------------------------------------------------------
  Antibodies                                                                     
  GFP                                      Life Technologies                     Cat \# A11122; RRID: AB_221569
  nc82                                     DSHB                                  AB_2314866
  TH                                       Chemicon                              Cat \# MAB318; RRID: AB_2201528
  Goat anti rabbit -- Alexa 488            Life Technologies                     Cat \# A11008; RRID: AB_143165
  Goat anti mouse -- Alexa 633             Life Technologies                     Cat \# A21052; RRID: AB_2535719
                                                                                 
  Deposited Data                                                                 
                                                                                 
  Raw original data                        This paper                            <https://doi.org/10.17632/nssxb2fmmt.1>
                                                                                 
  Experimental Models: Organisms/Strains                                         
                                                                                 
  DTH-C'-Gal4,F-Gal80                      Mark Wu Lab                           [@R24]
  DTH-D'-Gal4                              Mark Wu Lab                           [@R24]
  TH-Gal4                                  Ron Davis Lab                         [@R14]
  Oc2-Gal4                                 Jorge Blanco                          [@R7]
  NP3024-Gal4                              Kyoto Stock Center DGRC               \#113066
  NP5945-Gal4                              Kyoto Stock Center DGRC               \#105062
  murashka-1-Gal4                          Josh Dubnau Lab                       [@R13]
  UAS-TrpA1                                Paul Garrity Lab                      [@R17]
  MB-GCaMP3                                Seth Tomchik Lab                      [@R9]
  UAS-mCD8::GFP                            Bloomington Drosophila Stock Center   \#32195
                                                                                 
  Software and Algorithms                                                        
                                                                                 
  ImageJ                                                                         <https://imagej.nih.gov/ij/>
  MATLAB 2015b                             MathWorks                             <https://www.mathworks.com/products/matlab.html>
  Prism 6.07                               GraphPad                              <https://www.graphpad.com/>
  Leica Application Suit X (LASX)          Leica Microsystems                    [https://www.leica-microsystems.com](https://www.leica-microsystems.com/)

###### Highlights

-   Two sets of dopaminergic neurons independently regulate memory encoding and strength

-   Dendrite-innervating PPL2 neurons regulate Ca^2+^responses in memory-encoding neurons

-   PPL1 neurons drive aversive reinforcement (valence)

-   PPL2 neurons enhance memory strength without driving valence
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